Aims The principal aim of this research was to quantify retention of a single, realistic Se biofortification application (10 g ha
Introduction
Agronomic biofortification with Se-enriched fertilisers is an effective means of increasing dietary Se intake by humans and animals (Fordyce 2005; Broadley et al. 2010) . In biofortification studies selenium is typically applied either as sodium selenite (Na 2 SeO 3 ) or sodium selenate (Na 2 SeO 4 ), although application of other forms (e.g. K 2 SeO 4 , BaSeO 4 ), including commercial compound Se fertilisers (e.g. Selcote Ultra ® , Top Stock ® ) has also been studied (Gissel-Nielsen 1998; Gupta and Gupta 2002; Valle et al. 2002; Broadley et al. 2010 ). Application of Se may be carried out either by incorporating Se-enriched granular fertilizers or by spraying a liquid drench directly onto the crop canopy or soil (Broadley et al. 2010) . Chilimba et al. (2012a) observed that Se uptake by maize was similar for liquid and solid applications of selenate to soil. Despite the wide range of application rates employed in cereal crop Se biofortification studies, from <10 to 500 g ha et al. 2010 , Chilimba et al. 2012a Galinha et al. 2012; Wang et al. 2013) ; this is also true of herbage sward studies (Whelan 1989; Rimmer et al. 1990; Shand et al. 1992; Valle et al. 2002) . It is also widely accepted that crop uptake of selenate (Se VI ) exceeds that of selenite (Se IV ) (Shand et al. 1992; Chen et al. 2002; Zhao et al. 2005; Galinha et al. 2012 , Ros et al. 2016 ) mainly because selenate is more soluble in soil within the pH range of arable soils (Fleming 1980; Jacobs 1989; Neal 1995) making it more bioavailable (Zayed et al. 1998; Li et al. 2008; Stroud et al. 2010b) . Yläranta (1983) observed that application of just 10-20 g ha −1 Na 2 SeO 4 (Se VI ) was sufficient to produce barley grain Se concentrations of 100-200 μg kg −1 , whereas over 100 g ha
Na 2 SeO 3 (Se IV ) was needed to achieve similar concentrations. Gupta et al. (1993) observed that application of 10 g ha −1 Na 2 SeO 4 increased barley grain Se concen-
trations by approximately 200 μg kg −1 above controls, whereas the same application rate of Na 2 SeO 3 apparently had no measureable effect on grain Se concentration. Whilst the uptake of Se by crops in biofortification studies has been studied extensively, the retention of residual Se in the soil has received limited attention (Keskinen et al. 2011 ). This issue needs to be addressed if Se biofortification is to be implemented on a large scale and over long time periods. Extended application of Se to soils has implications for water quality and for long-term micronutrient management and supply of this scarce resource. Currently, the fate of Se from enriched fertilisers, and the underlying mechanisms which dictate this, are not fully understood (Alfthan et al. 2011) . Quantification of applied Se retained in soil is very difficult; this is due to the very small amounts of Se typically applied (c. 10-20 g ha
−1
). For example, complete retention of Se at a biofortification rate of 10 g Se ha −1 would result in an increase in concentration of just 4 μg Se kg
, assuming a topsoil mass of 2500 t ha −1
(topsoil depth = 20 cm; bulk density = 1.25 g cm
−3
). This is negligible (0.56%) in comparison with the UK average soil Se concentration of 710 μg kg −1 (Rawlins et al. 2012 ) and would be virtually impossible to measure within the span of a short term research project. However, this problem can be overcome by using an enriched stable isotope of Se, such as 77 Se (natural abundance 7.63%). If 77 Se (100% abundance) were applied at a rate of 10 g ha −1 (4 μg ) this would equate to a 7.5% increase in soil 77 Se, bringing quantification of retention within analytical reach. Chilimba et al. (2012a) used enriched 74 Se (natural abundance 0.89%) to determine residual fertilizer effects in maize grown on acidic soils in Malawi. In principle, the very low natural abundance of 74 Se would make it an ideal tracer for studying the fate of Se. However mass interferences to inductively coupled plasma mass spectrometry (ICP-MS) analysis from 74 Ge and incomplete removal of iron polyatomics (possibly 57 Fe-OH 2 ) made quantification of 74 Se in soil samples problematic. In a recent field incubation study of selenium fractionation and speciation changes in three soil types, Di Tullo et al. (2016) used enriched 77 Se to distinguish between added Se and native soil Se.
The primary aim of this paper was to quantify retention of a single, realistic Se biofortification application (10 g ha ) in contrasting soils over two growing seasons utilizing an enriched stable Se isotope ( 77 Se) to discriminate between applied Se and native soil Se. Secondary aims were to determine (i) the bioavailability of residual soil Se, (ii) the period in the growing season during which losses of added selenate from soil occurred, (iii) the rate of selenate immobilization in soil, and (iv) the likely contribution to available Se from biofortified wheat straw ploughed into soil. The stable enriched isotope 77 Se was chosen to enable a full mass balance on the fate of Se applied to a wheat crop, as (i) it is the second least abundant isotope of Se (after 74 Se) and (ii) at mass 77 it was thought that there would be a reduced chance of spectral interferences to ICP-MS analysis encountered at a mass:charge ratio (m/z) of 74.
Materials and methods

Site selection
Three fields on the University of Nottingham farms, with contrasting soil series, were selected for the biofortification experiment. N-1°07′35.53″W). Each site was sown with winter wheat (Triticum aestivum) in September 2011 following a pre-existing farm management strategy. The varieties planted were JB Diego at the Dunnington Heath (DH) and Worcester (WOR) sites and Santiago at the Newport site (NEW). At each site four replicate treatment plots (2 m × 2 m) were established within a 2 × 8 m block between the field boundary/headland and the first cultivation tramline. Plot corners were recorded using lineof-site markers in the headland to enable relocation of the plots. Plough direction was recorded as ploughing causes a shift in the position of the topsoil, estimated by Lane and McGrath (1994) as 0.24 m parallel to, and 0.13 m perpendicular to, the original position of the topsoil in the direction of cultivation. ) using a knapsack sprayer (16 L Vermorel 2000 pro, Berthoud Jadin). Weather conditions experienced at the time of application at the DH site were dry, warm and still (14th May 2012), whereas conditions experienced at the NEW and WOR sites were intermittent rainfall, cool temperatures and moderate winds (17th May 2012). The timing of application (at all sites) coincided with early stem extension (growth stage 31/32, Zadoks et al. 1974; Feekes scale 6-7, Large 1954) . Once applied, the crop was irrigated with 16 L de-ionized water at each site (1 mm depth) intended to limit retention of 77 Se on the foliage.
Sample collection and processing
Soil samples were collected using a stainless steel auger from within the central square metre of each plot (2 m × 2 m). Topsoil was taken from a depth interval of 0-20 cm, and subsoils from a depth of 20-40 cm. Samples were collected from the four corners and centre of the central 1 m 2 of each of the selenium application plots and combined. This was repeated for the four replicate plots and again repeated for the three study sites. The soil from each subplot was sieved to <2 mm, homogenised by the cone sampling method, finely ground, sub-sampled for analysis and the four subplots analysed separately. Prior to Crops were sampled at H1 and H2 by removing the entire central square metre of each plot by hand at 10 cm above ground level with stainless steel scissors. Wheat ears and straw were separated following collection. Ears were dried at 40°C in an oven (Scientific Laboratory Supplies Ltd) and then threshed to separate chaff and grain, which were milled separately in an ultracentrifugal mill fitted with 0.5 mm titanium screen (Model ZM200, Retsch). Straw was sub-sampled (c. 20% of total), dried at 30°C in a temperaturecontrolled room and chopped in a cutting mill (Model SM100, Retsch) fitted with a 1 mm stainless steel screen. As a check on possible local variation in the background 
Soil characterisation
Soil pH was determined using a pH meter (Model pH 209, HANNA Instruments) with combined glass electrode (Ag/AgCl) on a suspension of 5 g (± 0.5 g) air-dried soil (< 2 mm) in 12.5 mL of Milli-Q water (18.2 MΩ cm) after shaking end-over-end for 30 min at 27 rpm. Soil texture was determined by laser granulometry following initial treatment with 40% H 2 O 2 and dispersion in 25 mL Calgon™ solution (3.5% sodium hexametaphosphate and 0.7% sodium carbonate). Following the study of Konert and Vandenberghe (1997) Zhao and McGrath (1994) for sulphate extraction, which was later adapted by Martens and Suarez (1997) for Se extraction. The extractable soil Se was solubilised by suspending 3.0 g (± 0.3 g) of air-dried <2 mm sieved soil in 9 mL 0.016 M KH 2 PO 4 in 50 mL polypropylene centrifuge tubes and shaking end-over-end for 1 h at 27 rpm. Soil solutions were centrifuged at 2200 g for 20 min and filtered to <0.22 μm using a Millex syringe driven filter unit and stored in ICP tubes, at room temperature, in the dark, pending elemental and speciation analysis, without dilution, by ICP-MS and LC-ICP-MS.
The Se by microbially driven straw decomposition was calculated using Eq. 2.
Where, Δ ).
Kinetics of selenate reaction with soil
The equivalent of 1500 g DW, <4 mm sieved, field moist topsoil from the DH and NEW sites, was spiked with a stock solution of 77 Se VI at a rate of 16 μg kg −1 of soil and gently mixed with a food mixer, to ensure thorough mixing of the 77 Se VI spike solution with the soil. Spiked soils were split equally into three replicate 1 L glass Duran bottles (500 g DW soil in each bottle), and incubated at 10°C (Model MIR-254, Sanyo) in the dark. Sequential extractions were performed (at pre-determined incubation time points) on 5 g (± 0.1 g) spiked soil, with 0.01 M Ca(NO 3 ) 2 and 0.016 M KH 2 PO 4 in a temperature-controlled room at 10°C; the sum of which was defined as labile 77 Se. Calcium nitrate extractable soil Se was solubilised by suspending 3.0 g (± 0.3 g) of airdried <2 mm sieved soil in 20 mL 0.01 M Ca(NO 3 ) 2 in 50 mL polypropylene centrifuge tubes and shaking end-over-end for 1 h at 27 rpm. Suspensions were filtered to <0.22 μm using a Millex syringe driven filter unit and pipetted (1.5 mL) into HPLC vials, for immediate speciation analysis, without dilution, by LC-ICP-MS. 'Adsorbed' 77 Se was then solubilised by re-suspending the soil in 9 mL 0.016 M KH 2 PO 4 in 50 mL polypropylene centrifuge tubes and shaking end-over-end for 1 h at 27 rpm. Soil solutions were centrifuged at 2200 rpm for 20 min and syringe-filtered to <0.22 μm. The proportion of 77 Se fert from the spike that was fixed in the soil was determined by subtracting the concentration of labile 77 Se fert (sum of the 77 Se fert from the spike in calcium nitrate and phosphate extractions) from the concentration of 77 Se VI initially added to the system (16 μg kg −1 soil).
Selenium isotope analysis
Determination of residual 77 Se fert in soils was initially attempted following HNO 3 -HClO 4 -HF digestion, however the dilution of digests required for ICP-MS analysis (2.5 L g −1 of soil), and the levels of interference encountered, were too great to enable discrimination of applied 77 Se against background. Therefore, residual 77 Se fert in soils was determined following extraction with 10% tetra methyl ammonium hydroxide (TMAH), according to the method developed by Watts and Mitchell (2009) for determination of total soil iodine concentration. TMAHextractable soil Se was solubilised by suspending 1.0 g (± 0.1 g) of air-dried <2 mm sieved soil in 10 mL 10% TMAH in 50 mL polypropylene centrifuge tubes and heating to 70°C for 3 h in an oven (Scientific Laboratory Supplies Ltd). Milli-Q water (5 mL) was added and the soil suspensions were centrifuged at 2200 g for 20 min. The resulting supernatant solution was diluted to 1% TMAH with Milli-Q water to produce an effective soil:solution (w/v) ratio of 1:100 prior to analysis by ICP-MS. Soil nickel (Ni) and germanium (Ge) content were also determined in these extractions to help assess a possible interference at m/z 77 from the polyatomic species 60 Ni 16 O 1 H and the hydride 76 Ge 1 H. Total Se content of straw, chaff and grain was determined on oven-dried plant material (at 30°C) after grinding in an ultra-centrifugal mill fitted with a 0.5 mm titanium screen. Approximately 0.2 g (± 0.02 g) of oven-dried, milled material was suspended in 6 mL 70% HNO 3 in pressurised PFA vessels and digested via microwave heating (Model Multiwave 3000 fitted with a 48-place rotor; Anton Paar). Digested samples were diluted to 20 mL with Milli-Q water for storage and further diluted to 2% HNO 3 prior to analysis by ICP-MS.
Elemental analysis
Elemental analysis was undertaken on an ICP-MS (X-Series II , Themo Fisher Scientific). Samples were introduced at 1 mL min −1 through a concentric glass venturi nebuliser and peltier-cooled (3°C) spray chamber. in isocratic mode with a Hamilton PRP-X100 anion exchange column (250 × 4.6 mm; 5 μm particle size) fitted with a guard column (PEEK, PRP X-100). The mobile phase (flow rate 1.3 mL min −1 ) was 50 mmol
b.v. methanol with pH adjusted to 9.4 with Tris buffer. Sample processing was undertaken using PlasmaLab software with peaks of individual species manually integrated. A standard was analysed after every six samples to enable correction for instrumental drift by linear interpolation. Se spike, using an approximate solution shown in Eq. 4: Se fert in wheat straw (Fig. 1a) was marginally greater than recovery in wheat grain at the NEW and WOR sites but substantially greater at the DH site (29.7% in straw; 12.4% in grain). Recovery of 77 Se fert in wheat chaff (Fig. 1a) was very small at all treatment sites (<2.5%). Total recovery in the crop (sum of grain, straw and chaff) varied between all sites (DH 44.5%; NEW 25.9%; WOR 33.0%) with differences in recovery in the straw being the major discriminator. Retention of 77 Se fert in topsoil was observed at all treatment sites (Fig. 1a) but varied between sites (DH 15.0%; NEW 30.9%; WOR 20.5%), whereas recovery in subsoils was small and comparable between sites (DH 3.57%; NEW 2.62%; WOR 3.49%). Apparent losses of 77 Se fert from the system (Fig. 1a) were similar across all sites (DH 36.9%; NEW 40.6%; WOR 43.0%).
The concentration of native soil Se (Se N ) in the crop was greatest in the straw at all treatment sites (Fig. 1b) . Crop partitioning of Se N followed broadly the same pattern as 77 Se fert (Fig. 1a) despite differences in the timing of supply. The contribution of native soil Se to total Se in the crop was comparable (within 5%) between crop fractions at each site, none of which exceeded 25%; the majority (>75%) of Se in each crop fraction originated from application of 77 Se fert . The concentration and contribution of native soil 77 Se ( 77 Se N ) to each crop fraction was greatest at the DH site and lowest at the WOR site (Fig. 1b) .
Retention of selenium-77 in soil All topsoil samples from 77 Se-treated plots showed an increase in the raw 77 (m/z): 78 (m/z) ratio above that of the field control topsoil and therefore measureable concentrations of residual 77 Se fert (Fig.  2) . This increase persisted across the three topsoil sampling events at harvest in the year of 77 Se application (H1), the following spring (S2) and at the end of the following growing season (H2). All sampled subsoils, with the exception of the WOR subsoil sampled in 2013, showed only marginal concentrations of 77 Se fert above that of the field control topsoil. The DH and NEW field control soils exhibited very similar raw 77 (m/z): 78 (m/z) ratios (0.335 and 0.333, respectively), whereas the ratio in the WOR control soil was greater (0.343). However, the WOR control soil also exhibited an apparent measureable concentration of 77 Se fert (Fig. 2) . Coincidentally, during transition through the ICP-MS, the combined effect of hydride generation, which acts to increase the apparent 77 (m/z): 78 (m/z) ratio, and mass discrimination which has the opposite effect, almost cancelled each other out.
Residual selenium-77 in crops
Crop rotation occurred at the NEW and WOR sites after H1 (wheat): maize and oilseed rape were sown in September 2012 at the NEW and WOR sites, respectively, whereas winter wheat was re-sown at the DH site. Negligible concentrations of 77 Se fert were detected in crop straw at H2 at all sites, compared to wheat straw at H1 (Table 3) . ) incubated with soils from the DH and NEW sites is shown in Fig. 3 ) across all straw application levels, throughout the time of incubation (30 days).
Discussion
Recovery of 77
Se fert at harvest 2012
The recovery of 77 Se fert at H1 in wheat grain (Fig. 1a) was comparable to previous studies comparing Se treatments with controls. Broadley et al. (2010) applied Se VI in liquid form (as Na 2 SeO 4 ) at six different application rates (in the range 5-100 g ha ) to wheat at four sites in the UK and reported a Se recovery range of 10.1 to 17.3% in the grain. Lyons et al. (2004) and Curtin et al. (2008) Values are means of the four sub-plots established at each site *Extractable with dithionite-citrate-bicarbonate reagent as Na 2 74 SeO 4 ) in maize grain at 6.5% and 10.8% across two treatment sites in Malawi and Stephen et al. (1989) observed 2-6% recovery of Se VI (added as Na 2 SeO 4 ) in wheat grain in New Zealand, which is in a similar range to results from the long-term Finnish biofortification programme (<10%), reported by Eurola (2005) . Taking the average daily per-capita intake of cereal and cereal-based products for the UK population as 110 g (PHE and FAO 2014), the biofortified wheat grain produced in this study would provide, on average, 19.1 μg person −1 d −1 of Se (Table 2) , which equates to 25.6% and 31.9% of the UK recommended nutrient intake (RNI, BNF 2001), for men and women, respectively. ) and contribution (% listed above each bar) of native soil Se (Se N ; all isotopes) to total Se in grain, straw and chaff, at H1. Error bars show the standard error of four replicate analyses Recoveries of 77 Se fert in wheat straw and grain were similar at the NEW and WOR sites (Fig. 1a) , which exhibited total crop recoveries of 25.1 and 33.0%, respectively. Broadley et al. (2010) reported marginally greater recovery of Se (applied as aqueous Na 2 SeO 4 at six different application rates spanning 5 to 100 g ha
) in winter wheat straw than in grain (mean 13.4 and 12.6%, respectively). The greater recovery of 77 Se fert in wheat straw compared to grain at the DH site, can be attributed to two factors. Firstly, the straw:grain concentration ratio for 77 Se fert was almost double that observed at the NEW and WOR sites (DH 1.53; NEW 0.818; WOR 0.847), suggesting that transfer of inorganic 77 
Se
VI from the straw to protein-or amino acid-bound Se in the grain may have been restricted. Secondly, the straw:grain yield ratio was also greatest at the DH site (DH 1.60; NEW 1.31; WOR 1.23). The DH site also exhibited the lowest recovery of 77 Se fert in topsoil (15.4%, less than half that observed at the other two sites, Fig. 1a) . At the DH site, the greater recovery of Se fert in topsoil through stronger binding to hydrous oxides at lower pH. Furthermore, results from the soil incubation experiment (Fig. 3) Se fert retained in topsoil at these sites, would be present in organically bound form or possibly bound within oxides in a form not extractable by phosphate. Certainly Fig. 3 shows that these soils have the capacity to convert most soluble selenate additions to soil, in spring, to fixed forms within a 3-4 month period.
The relatively small recoveries of 77 Se fert in subsoil (<4%) and comparable losses between sites (Fig. 1a) suggests rapid leaching of 77 Se VI after application (c. 40% of the application), with the remainder being distributed between crop and mainly humus-bound forms in the topsoil. It should also be acknowledged that some of the applied 77 Se VI may have been converted to forms that are not extractable with 10% TMAH -so retention in topsoil may be underestimated. Leaching losses raise the possibility of a potential toxic hazard. The WHO provisional Se standard for drinking water quality is 40 μg L −1 , based on an intake (in 2 L water per day) of 20% of the upper safe intake level (400 μg day −1 of Se) (WHO 2011). It may be assumed that selenate being leached in the soil solution moves initially in a simple piston flow pattern, having mixed with soil pore water in the topsoil (0-20 cm). Thus, for a soil with a volumetric water content of 40% at field capacity (c. 800 m 3 water in topsoil per hectare), a loss of 40% Se from an application of 10 g ha −1 (4 g ha −1 ) would produce a solution concentration of 5.0 μg L −1 . Given further dilution through mixing beyond the field drains it is therefore unlikely that such losses could present a risk to drinking water supplies.
The similar partitioning pattern of native soil Se and 77 Se fert within the crop (Fig. 1a and b) , suggests that re- Se fert in wheat straw at first harvest (H1) and crops at second harvest (H2). Crops harvested at H2 were winter wheat at the Dunnington Heath site, maize at the Worcester site and oilseed rape at the Newport site Values are means of the four sub-plots established at each site , that remains labile (ie extractable in 0.01 M Ca(NO 3 ) 2 and 0.016 M KH 2 PO 4 solutions combined) distribution and transformation within the wheat plant was broadly the same for both soil-and fertilizerderived Se. This is despite differences in (i) the quantity of Se taken up by the crop from each source and (ii) relative availability during the growing season.
The relative bioavailability of 77 Se fert and native soil Se (Se N ) to wheat grain at H1 was calculated on a ratio basis B R from Eq. 10:
Where, Se N is the concentration of native soil derived Se present at each site,
77
Se fert-G is the concentration of Se fert was 2 -3 orders of magnitude more bioavailable than Se N at all sites (p < 0.001). This was expected due to the highly soluble nature of newly added Se VI under neutral to alkaline soil pH conditions (Fordyce 2005) ( Table 1 ). The bioavailability ratios of 77 Se fert :Se N at the DH and NEW sites are of the same order of magnitude to those calculated from other field-based cereal biofortification studies, (126-405, Stroud et al. 2010a; 51.7-324, Chilimba et al. 2012a; 125-208, Galinha et al. 2012) . The bioavailability ratios of 77 Se fert :Se N were also significantly different between sites (T-test; P < 0.001), most likely due to differences in soil properties and weather conditions at the time of application, etc.
Release of selenium-77 ( Se released from straw was not determined but is likely to exist as in organic forms (selenomethionine; selenocystine). Stadlober et al. (2001) conducted a pot trial, in which a range of crops (winter wheat, spring wheat, summer barley, summer rye and durum wheat) were fertilised with Na 2 SeO 4 at a rate equivalent to 56.3 g ha −1
. Speciation analysis (by HPLC-ICP-MS) of the resulting wheat crop showed substantial conversion of applied Se VI to selenomethionine (69-86%) and to a lesser degree selenocystine (7-13%). The steady decrease in phosphate-extractable 77 Se VI P (Fig. 4) Se fert released from the straw through time (Fig. 4) can be ascribed to the observed decrease in ), from initial application rates of 5-100 g Na 2 SeO 4 ha −1
. Dhillon et al. (2007) reported that Se-enriched crop residues containing ≤137 mg Se kg −1 could be incorporated into nonseleniferous topsoils, without the risk of Se toxicity in subsequently grown cereal crops.
Retention of soil selenium-77( (Fig. 5) . Rainfall in the month of 77 Se application (May 2012) was below the long-term average (Fig. 5) , this suggests rainfall was low within the first two to three weeks post application before it increased sharply in June. Results from the incubation experiment (Fig. 4) , showed that between 10 and 20% of 77 Se VI from spike addition was likely to be fixed in the DH and NEW topsoils, within the first two to three weeks after spiking. As previously mentioned, the KH 2 PO 4 extracts of the DH and NEW topsoils did not contain any 77 
Se
VI from the spike application at any point during the incubation, suggesting the vast majority (>80%) of 77 
VI from application was present in the soil solution in a labile state, two to three weeks after spiking. In the context of this study, the measureable retention of 77 Se fert observed in topsoil at all sites at H1 (15-31%, Fig. 2 ) was similar to that observed over the first two to three weeks in the parallel soil incubation experiment (Fig. 3) Se) was slightly greater than the expected value (0.321) in TMAH extracts of the WOR control soil, producing an apparent fertilizer Se residue (Fig. 2) Se rather than relying on subtraction of apparent Se fertilizer residues in control soils. The alternative approach is simply to subtract 'apparent' 77 Se residues measured in the control soils (as in Fig.  1a) .
The concentration of 77 Se fert in subsoils (at H1 and S2) was similar to those of control topsoils at all sites (Fig. 2) (Fig. 2b) . This increase cannot be ascribed to re-inversion of topsoil because sampling was undertaken prior to ploughing. However, decomposition of wheat straw residues from H1 enriched with 77 Se fert , due to increased soil temperatures during the spring and summer, may have contributed to the apparent increase in the concentration of 77 Se fert in topsoil at H2. Smith and Douglas (1971) observed that the content of nitrogen (N) in Nenriched wheat straw remained stable in soils below 4°C and decreased significantly with increasing soil temperature above 4°C due to increased rates of straw decomposition.
The Se fert present in crop residues is released by decomposition and subsequently retained by soil between S2 and H2, which may not be the case.
Residual crop selenium-77
Negligible residual 77 Se fert was detected in crops harvested the following year after application, at all sites (Table 3 ). This confirmed that 77 Se fert retained in topsoil from the initial application, and the minor incorporation of crop residue practiced on the experimental plots, was almost entirely present in a non-bioavailable form. Gupta et al. (1993) applied Na 2 SeO 4 at three application rates (10, 20 and 40 g ha ) to barley in Canada and observed no evidence of residual Se in crops the year following application (regardless of application rate). Stroud et al. (2010a) ) in the grain of maize crops grown the year after application, across two field sites in Malawi. However, at higher application rates (up to 100 g ha
), the presence of applied Se in the grain of maize crops, grown the year after application, has been observed and also has a linear response to application rate (Chilimba et al. 2012b ).
Conclusions
Application of 10 g 77 Se VI ha −1 was sufficient to boost wheat grain concentrations by 4-13 times their control levels, equating to a recovery of 12-15% of the added fertilizer. Despite application during one of the wettest summers on record for the area, the timing of application was sufficiently far enough removed (2-3 weeks) from the period of intense rainfall for uptake by crops and fixation in soils to occur. On average 22% (standard deviation = 8.07%) of
77
Se fert was retained in the topsoil. However, virtually all the 77 Se retained was non-bioavailable at the rate of application used in this study -there was no evidence of a significant residual effect on second crops. At the rate of residual Se accumulation observed it would take several centuries for soil Se concentration at the field trial sites to reach double the current level: DH = 621 y; NEW = 326 y; WOR = 456 y. Given such small annual additions to soil Se loading and the apparently rapid immobilization of selenate in the topsoil, it appears unlikely that long-term Se biofortification would present a significant toxic hazard to the soil environment. Perhaps the only remaining potential source of concern lies with the 77 Se losses observed at all three sites; on average this amounted to 40.1% (std dev: 3.05%) of the original application. This was not recovered in the subsoil and so the suggestion is that it was lost from the soil through leaching
The negligible concentrations of 77 Se fert detected in crops at second harvest (H2), suggests that biofortification of cereal crops in the UK with Se at a rate of 10 g Se VI ha −1 , would have to be repeated annually to ensure effective grain enrichment. Although Se retention in soil does not provide a useful source for following crops, a possible source of residual Se may be the cereal straw, which on average absorbed 19.4% (std dev: 9.12%) of the applied Se. The primary species of Se released during the decomposition of Se-enriched straw was identified as Se VI , (selenate) which may provide a source of residual Se to subsequently grown crops. For this source of Se to provide an effective contribution to biofortification of a following crop the main issues to consider must be timing and extent of straw incorporation. The release rate will depend on the soil temperature and straw condition while uptake of released selenate will depend on the presence of a growing winter cereal crop, or possibly a catch crop to be ploughed in for a spring-sown cereal crop the following year. Stavridou et al. (2011 Stavridou et al. ( , 2012 investigated several potential catch crops for Se and demonstrated both immobilization and mineralisation of Se following incorporation depending on the Se content of the catch crop. However, the usefulness of the catch crops in providing Se to springsown crops was generally limited by low Se uptake in Autumn. Further investigation should involve a fieldbased trial and should examine (i) the timing and extent of straw incorporation, (ii) alternative straw chopping and incorporation approaches, (iii) the alternative use of an Autumn-sown cereal or a fast growing catch crop for a subsequent Spring-sown cereal. Given the speciation of Se in straw (Se VI ) and the proportion of Se originally applied (c. 20%) it seems likely that some residual effect from Se release from straw should be possible and it would be important to quantify this in the event of biofortification strategies being widely adopted in the UK.
